We find new exact solutions to the Einstein-Maxwell field equations which are relevant in the description of highly compact stellar objects. The relativistic star is charged and anisotropic with a quark equation of state. Exact solutions of the field equations are found in terms of elementary functions. It is interesting to note that we regain earlier quark models with uncharged and charged matter distributions. A physical analysis indicates that the matter distributions are well behaved and regular throughout the stellar structure. A range of stellar masses are generated for particular parameter values in the electric field. In particular the observed mass for a binary pulsar is regained.
INTRODUCTION
To obtain an understanding of the gravitational dynamics of a general relativistic star it is necessary to solve the Einstein-Maxwell equations. The matter distribution may be anisotropic in the presence of an electromagnetic field. On physical grounds we should include an equation of state relating the radial pressure to the energy density in a barotropic distribution. In this way we can model relativistic compact objects including dark energy stars, quark stars, gravastars, neutron stars and ultradense matter. For some recent models investigating the properties of charged anisotropic stars see the treatments of Feroze and Siddiqui [1] , Thirukkanesh and Ragel [2] , Maurya and Gupta [3] , Maurya et al. [4] , Pandya et al. [5] , Bhar et al. [6] and Murad [7] .
These exact solutions of the Einstein-Maxwell system are essential for describing astrophysical processes. Our study in this paper is related to describing the stellar interior with a spherically symmetric anisotropic charged matter distribution. We impose a quark equation of state on the model. The physical features of quark stars have been recently investigated by Malaver [8] , Mafa Takisa et al. [9] , Sunzu et al. [10] and Paul et al. [11] . The investigations of Sharma et al. [12] show that the redshift, luminosity and maximum mass of a compact body are affected by the electric field and anisotropy. The works of Mak and Harko [13] , Komathiraj and Maharaj [14, 15] and Maharaj and Komathiraj [16] show the significant role of the electromagnetic field in describing the gravitational behaviour of compact stars composed of quark matter. The role of anisotropy has been highlighted by Dev and Gleiser [17, 18] . By making a specific choice of the electric field, Hansraj and Maharaj [19] obtained solutions with isotropic pressures to the Einstein-Maxwell system. These solutions satisfy a barotropic equation of state and contain the Finch and Skea [20] model. Charged anisotropic models with a linear equation of state were found by Thirukkanesh and Maharaj [21] . Mafa Takisa and Maharaj [22] utilised a linear equation of state to generate regular solutions of anisotropic spherically symmetric charged distributions which can be related to observed astronomical objects.
The main objective of this paper is to generate a new class of exact solutions to the Einstein-Maxwell system of equations that is physically acceptable. We generalize the solution to the Einstein-Maxwell system, with no singularity in the charge distribution at the centre, obtained by Mafa Takisa and Maharaj [22] by generating a new class of exact solutions. The physical features such as the gravitational potentials, electric field intensity, charge distribution and matter distribution are well behaved. These new exact solutions describe a charged relativistic sphere with anisotropic pressures and a linear quark equation of state. In Sect. 2, we give the expression of the line element modelling the interior of relativistic star which allows us to rewrite the Einstein-Maxwell equations in terms of new variables. In Sect. 3, we present the basic assumptions for the physical models. We make a choice for one of the gravitational potentials and the electric field intensity which allow us to integrate the field equations. Three new classes of exact solutions to the Einstein-Maxwell field equations, in terms of elementary functions, are determined in Sect. 3. The first class is unphysical and the other two classes satisfy the physical criteria. In Sect. 4, we demonstrate how our exact solutions regain the uncharged anisotropic solution found by Thirukkanesh and Maharaj [21] , and the charged anisotropic solution found by Mafa Takisa and Maharaj [22] . In Sect. 5, we study the physical features of our models and present graphs for the energy density, radial pressure, electric field intensity, charge density and mass. The graphs indicate that the matter and electromagnetic quantities are well behaved. In Sect. 6, we generate stellar masses and show that our charged general relativistic solutions can be related to observed astronomical objects. Concluding comments are made in Sect. 7.
FIELD EQUATIONS
The line element for static spherically symmetric spacetimes, modelling the interior of the relativistic star, has the form
The functions λ(r) and ν(r) correspond to the gravitational potentials. The energy momentum tensor T therefore has the general form be written in the form
in terms of the coordinate r. An equivalent form of the Einstein-Maxwell field equations is obtained if we introduce the transformation
where A and C are constants. This transformation was first used by Durgapal and Bannerji [23] . The line element (1) then has the form
in terms of the variable x. The field equations (3) become
The mass of a gravitating object within the stellar radius, is important for comparison with observations. The mass contained within a radius x of the sphere is given by the expression
This expression is sometimes called the mass function. For a physically realistic relativistic star, we expect that the matter distribution should obey a barotropic equation of state of the form p r = p r (ρ). For a charged anisotropic matter distribution we consider the linear
where α and β are constants.
Then the Einstein-Maxwell system governing the gravitational interactions of a charged anisotropic body, with a linear equation of state, can be written as
The quantity ∆ = p t − p r is defined as the measure of anisotropy and vanishes for isotropic pressures. The system of equations (9) is nonlinear consisting of six equations with eight independent variables y, Z, ρ, p r , p t , E, σ and ∆. We need to select two of the variables involved in the integration process to solve the system (9).
PHYSICAL MODELS
To generate a new class of solutions to the Einstein-Maxwell system requires a choice for one of the gravitational potentials and the electric field intensity. In our approach we make the particular choice
where a, b, s, k, l are real constants. It is important to note that we keep the same form for the gravitational potential first used by Thirukkanesh and Maharaj [21] . The function Z is finite at the centre x = 0 and regular in the interior. The function for the electrical field E is a generalised form that contains previous studies as special cases. The function E is finite at the centre and well behaved in the stellar interior. When l = s = 0 we regain the models of Thirukkanesh and Maharaj [21] . If l = 0 then the exact models of Mafa Takisa and Maharaj [22] are obtained. For particular choices of the parameters a and b we regain other earlier models: charged Hansraj and Maharaj [19] stars (a = b = 1), charged Maharaj and Komathiraj [16] stars (a = 1), uncharged Finch and Skea [20] stars (a = b = 1), uncharged Durgapal and Bannerji [23] neutron stars (a = 1, b = −3/2), and uncharged Tikekar [24] superdense stars (a = 7, b = 8).
From (10) and (9e) we obtain the first order equatioṅ
It is necessary to integrate (11) to complete the model of a charged gravitating sphere. It is convenient to categorise our solutions in terms of the constant b. We consider, in turn, the following three cases:
The case b = 0
When b = 0, equation (11) assumes the simple forṁ
This gives after integration the solution
where D is a constant of integration and
The energy density ρ = − E 2 2 generated by the potential y in (13) is negative and the model is unphysical.
The case b = a
When b = a, the differential equation (11) yields the forṁ
This equation has solution
where D is a constant of integration and the function G(x) is given by
The energy density ρ generated by the potential y in (16) is nonnegative. Then the complete solution to the Einstein-Maxwell field equations (9) can be written as
The solution (18) is an exact solution of the Einstein-Maxwell system when a = b.
We can compute the mass function explicitly from (7) . In this case we can write the mass function in terms of x by
We can regain the mass functions of Thirukkanesh and Maharaj [21] (l = s = 0) and Mafa Takisa and Maharaj [22] (l = 0) from (20) as particular cases in the presence of charge.
Note that their models necessarily contain an inverse tangent function. In our model when
the inverse tangent function is not present in the expression for m(x).
The most interesting case is when b = a. When b = a, the solution of (11) can be written in the form
where D is a constant of integration. The constants m, n and the function F (x) are given
As for the case a = b, the energy density ρ generated from (21) is nonnegative. Then, we can write the exact solution for the system (9) as
+2ax(2(−9 + 5α) + bx(1 − 3α(7 + 2α)))]
This exact solution of the Einstein-Maxwell equations is similar in structure to that when a = b in Sect. 3.2. However note that (22) is a new exact solution written completely in terms of elementary functions.
For this solution the mass function is given by
This expression contains previously studied mass functions in the presence of charge. As in the previous case note that when
the inverse tangent function is absent in the expression for M(x).
KNOWN SOLUTIONS
When we set s = l = 0 in (10b), then the gravitational potentials become
where the constants m and n are given by
This case corresponds to a charged anisotropic sphere with a linear equation of state. This particular model was first found by Thirukkanesh and Maharaj [21] .
If we set l = 0 in (10b) then the term la 3 x 3 in the electric field is no longer present. The models metric potentials then become
where the constants m and n are equivalent to
This case describes a model of a charged anisotropic sphere with a barotropic linear equation of state. The charged solution (26) was first found by Mafa Takisa and Maharaj [22] . Our new class of solutions is therefore a generalisation of previously known models. It arises because of the additional term with the constant l added in the electric field intensity. [25] ) was used to generate plots for the matter variables. We made the choices a = 2, b = 2.5, α = 0.33, β = 0.198, C = 1, l = 1.5, s = 2.5, k = 0 for the various parameters. We have made choices of the parameters similar to that in the analysis of Mafa Takisa and Maharaj [22] so that we can be consistent with their analysis. We generated graphical plots for the matter variables, where Figure 1 shows that the energy density ρ is positive, finite and strictly decreasing. The radial pressure p r in Figure 2 , expressed in terms of ρ in accordance with the equation of state, follows a similar evolution as the density energy. In Figure 3 we observe the electric field E initially decreases and then increases after reaching a minimum. The charge density σ is a regular and decreasing function in Figure 4 . In Figure 5 , the mass function M is continuous, finite and strictly increasing. In the graphs plotted the dashed line corresponds to the case l = 0, and the solid line corresponds to the case l = 0, s = 0. The overall profiles of the matter variables ρ, p r , E, σ and M in our investigation are similar to those generated by Mafa Takisa and 
PHYSICAL FEATURES

STELLAR MASSES
In this section we generate stellar masses which are consistent with the results of Sharma and Maharaj [26] , Thirukkanesh and Maharaj [21] , and Mafa Takisa and Maharaj [22] .
Therefore the solutions found in this paper may be applied to realistic stellar astronomical bodies. We use the transformatioñ
This is the same transformation, extended to include the additional parameter l, that was applied by Mafa Takisa and Maharaj [22] . When l = 0 in (27) we obtain previous results.
With the transformation (27) , and setting C = 1, we can write the energy density (22c) and 
where y = r 2 R 2 . If we setl = 0,s = 0,k = 0, with E = 0, then (28) yields These expressions above are related to the solutions in Sect. 4 when l = 0, found by Mafa Takisa and Maharaj [22] . If we setl = 0,s = 0,k = 0 with E = 0 then we obtain
which are related to the solutions in Sect. 4 when s = l = 0 found by Thirukkanesh and
Maharaj [21] . If we setl = 0,s = 0,k = 0 with E = 0 then we obtain
which are the solutions attributed to Sharma and Maharaj [26] .
We have produced a variety of stellar masses for particular choices of the parametersã andb. These are presented in the following tables: Table 1 (Stellar masses with l = 0, s = 0), Table 2 (Stellar masses with l = 0, s = 0), Table 3 (Stellar masses with l = 0, s = 0) and Table 4 (Comparative masses). We have set r = 7.07 km and R = 43.245 km which are the values used by Dey et al. [27, 28] . For the electric field we have setk = 37.403,s = 0.137 andl = 0.111.
For l = 0, s = 0 and k = 0 our model reduces to an uncharged stellar body as that in Sharma and Maharaj [26] in terms of the masses generated. When l = 0, s = 0 and k = 0, the masses obtained are similar to that found by Thirukkanesh and Maharaj [21] for a charged relativistic star model. Note that for l = 0, s = 0 and k = 0 we have a charged relativistic stellar body, and the stellar masses are consistent with the values generated by Mafa Takisa and Maharaj [22] . To distinguish between the various cases in the presence of the electrical field we let k = 0, l = 0, s = 0 in Table 1 , k = 0, l = 0, s = 0 in Table 2 and k = 0, l = 0, s = 0 in Table 3 . We have also included the case for k = 0, in all tables, so that we can compare with uncharged masses. In Table 4 we gather all results and provide a comparative table. It is interesting to observe the effect of the electric field on the masses generated.
The introduction of the new parameter l does not appear to appreciably change the mass for the parameter values chosen; a different set of parameters can produce a different profile for the mass. It is important to observe that our results generalise previous treatments and regain the stellar masses of charged and uncharged objects reported in earlier investigations.
In particular observe that the parameter valuesb = 54.34 andã = 53.340 correspond to the analysis of Dey et al. [27, 28] [21] in the presence of charge. The models of Dey et al. [27, 28] and Sharma and Maharaj [26] are regained in the appropriate limit for vanishing charge. The stellar masses generated are consistent with earlier investigations and we regain the stellar mass of the object SAX J1808.4 − 3658 as 1.434M . Our new family of solutions solutions is a further indication of the richness of the Einstein-Maxwell system of equations and their link to astrophysical applications; we studied the physical features and plotted the matter and electrical variables. A comparative table of masses for uncharged and charged matter was established which corresponds to observed astronomical objects. The parameter l does not appear to appreciably change the mass for the parameter values chosen but a different set of parameters can give a different profile for the mass.
